The molecular basis underlying the binding of spermatozoa to their homologous eggs and the subsequent induction of acrosomal exocytosis remain a major unresolved issue in mammalian fertilization. Novel cell adhesion systems are now being explored to advance this research. Triantennary and tetraantennary N-glycans have previously been implicated as the major carbohydrate sequences that mediate the initial binding of spermatozoa to the specialized egg coat (zona pellucida) in the murine and porcine models. Mouse spermatozoa also undergo binding to rabbit erythrocytes (rRBCs), presumably via the interaction of their lectin-like egg-binding proteins with branched polylactosamine sequences present on these somatic cells. Experiments presented in this study confirm that boar spermatozoa also bind to rRBCs. However, unlike mouse spermatozoa, boar spermatozoa also undergo acrosomal exocytosis within 30 min after binding to rRBCs. Both binding and induction of acrosomal exocytosis in this system did not require the participation of terminal Galalpha1-3Gal sequences that are found on rRBCs. Pronase glycopeptides derived from rRBCs inhibited the binding of boar sperm to porcine oocytes by 91% at a final concentration of 0.3 mg/ml under standard IVF conditions. Binding in this porcine cell adhesion model was also completely blocked at this concentration of glycopeptide. Thus, adhesion results from the interaction of the egg-binding protein expressed on the surface of boar spermatozoa with the glycans presented on rRBCs. This cell adhesion model will be useful for investigating the molecular basis of gamete binding and the induction of acrosomal exocytosis in the pig.
INTRODUCTION
Fertilization encompasses a complex symphony of events that ultimately results in the birth of a new individual. In eutherians, this process is initiated when capacitated spermatozoa bind to the egg coat, usually after penetrating the shell of cumulus cells surrounding the ovum [1] . Spermatozoa initially make contact with a specialized extracellular matrix of the oocyte known as the zona pellucida (ZP). In the mouse, the concept that this binding interaction primarily relies on protein-carbohydrate recognition was initially proposed in 1982 [2] . Florman et al. [3] later reported that pronase-released glycopeptides derived from the putative sperm receptor glycoprotein mZP3 inhibited murine gamete binding nearly as well as the intact glycoprotein. More recent glycosyltransferase knockout studies combined with other findings implicate triantennary and tetraantennary N-glycans as the major carbohydrate ligands that are recognized during this interaction in the mouse [4] [5] [6] .
Perhaps one of the most curious cell-cell interactions observed in vitro is the robust binding of mouse spermatozoa to rabbit erythrocytes (rRBCs) [7] [8] [9] . This interaction is not only carbohydrate dependent, but it also is considerably stronger in affinity than natural gamete binding in the mouse [7] . This tight association has been hypothesized to be dependent on the interaction between the oligosaccharides presented on rRBCs and a lectin-like eggbinding protein (EBP) presented on murine spermatozoa [10] . However, transmission electron microscopy analyses confirm that contact between murine spermatozoa and rRBCs does not trigger acrosomal exocytosis (AE) in these bound gametes [10] . Several lines of evidence support the concept that triantennary and tetraantennary N-glycans are the primary ligands that are recognized by the murine and porcine ZP during initial gamete binding [4] [5] [6] [11] [12] [13] . This overlap indicated that boar spermatozoa should also bind to rRBCs. This hypothesis was thoroughly tested in the current study.
MATERIALS AND METHODS

Materials and Animal Welfare
Rabbit blood was obtained from Hemostat Laboratories (Dixon, CA). Cryopreserved bull spermatozoa were obtained from adult fertile bulls enrolled in an artificial insemination semen collection program at Select Sires Inc. (Plain City, OH). Fluorescein isothiocyanate (FITC)-labeled lectins (Griffonia simplicifolia [GS-I] agglutinin, peanut agglutinin [PNA] , and Pisum sativum agglutinin) were purchased from Vector Laboratories (Burlingame, CA). Coffee bean a-galactosidase was supplied by Prozyme (San Leandro, CA). The protease mixture from Streptomyces griseus (also known as Pronase) was purchased from Sigma-Aldrich Chemicals (catalogue no. P5147; St. Louis, MO). Other chemicals employed in this study were obtained from either ThermoFisher (Pittsburgh, PA) or Sigma-Aldrich Chemicals. All procedures described within this study were reviewed and approved by the University of Missouri Institutional Animal Care and Use Committee and were performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals.
Isolation of Boar Spermatozoa
Large White boars were bred and raised at the South Farm located at the University of Missouri. Ejaculates were collected from fertile boars ages 9 mo to 2 yr that consistently produced high fertilization rates in conventional in vitro fertilization (IVF) experiments by using the gloved hand technique. This method was used as needed, but not more than one to two times per week for any individual stud. The sperm-enriched fraction (30-60 ml) was collected into an insulated vacuum bottle. Within 1 h after collection, semen volumes were determined and sperm concentrations estimated by using a hemocytometer. Semen was slowly cooled to room temperature (20-238C) within 2 h after collection. Each semen sample was diluted with Beltsville thawing solution (3.71 g of glucose, 0.60 g of trisodium citrate, 1.25 g of ethylenediamine tetraacetic acid, 1.25 g of sodium bicarbonate, 0.75 g of potassium chloride, 0.06 g of penicillin G, and 0.10 g of streptomycin per 100 ml) to a final concentration of 3.5 3 10 7 sperm per milliliter. The diluted semen was stored in a styrofoam box at room temperature for 4 days. Because the collected boar spermatozoa undergo capacitation and acquire the ability to fertilize oocytes in vitro spontaneously, we did not perform in vitro capacitation in a majority of trials described here [14, 15] . In some experiments, we maximized the spermerythrocyte binding by a 6-h capacitation in Tyrode lactate-HEPES medium containing 11 mM glucose, 5 mM pyruvic acid, and 20 mg/ml bovine serum albumin (BSA) [16] . We observed sperm-oocyte or sperm-RBC adhesion with or without capacitation treatment.
Collection and In Vitro Maturation of Porcine Oocytes
Ovaries were collected from prepubertal gilts at a local slaughterhouse and transported to the laboratory in a warm box (25-308C). Cumulus-oocyte complexes (COCs) were aspirated from antral follicles (3-6 mm in diameter), washed three times in HEPES-buffered Tyrode lactate medium containing 0.1% (w/v) polyvinyl alcohol (TL-HEPES-PVA), and then washed three times with the maturation medium [17] . A total of 50 COCs were transferred to 500 ll of the maturation medium that had been covered with mineral oil in a fourwell multidish (Nunc, Roskilde, Denmark) and equilibrated at 38.58C, 5% CO 2 in air. The medium used for oocyte maturation was tissue culture medium 199 (TCM199; Gibco, Grand Island, NY) supplemented with 0.1% PVA, 3.05 mM D-glucose, 0.91 mM sodium pyruvate, 0.57 mM cysteine, 0.5 lg/ml luteinizing hormone (LH; L 5269; Sigma), 0.5 lg/ml follicle-stimulating hormone (FSH; F 2293), 10 ng/ml epidermal growth factor (E 4127; Sigma), 10% porcine follicular fluid, 75 lg/ml penicillin G, and 50 lg/ml streptomycin. After 22 h of culture, the oocytes were washed twice and cultured in TCM199 without LH and FSH for 22 h at 38.58C, 5% CO 2 in air.
Coincubation of Boar Spermatozoa with Oocytes and rRBCs
After oocytes were subjected to in vitro maturation as described, cumulus cells were removed with 0.1% hyaluronidase in TL-HEPES-PVA medium and washed three times, first with the same medium and then with Tris-buffered medium (mTBM) containing 0.2% BSA (A7888; Sigma), as described previously [14] . Thereafter, 25-30 oocytes were placed into each of four 50-ll drops of the mTBM medium, which had been covered with mineral oil in a 35-mm polystyrene culture dish. The dishes were allowed to equilibrate in the incubator for 30 min until spermatozoa were added for binding studies. Preserved spermatozoa in Beltsville thawing solution diluent were washed twice in PBS-PVA and then resuspended with mTBM medium. After appropriate dilution, 50 ll of this sperm suspension was added to 50 ll of the medium that contained oocytes to give a final sperm concentration of 1 3 10 6 cells per milliliter. Oocytes/rRBCs and spermatozoa were coincubated at 38.58C, 5% CO 2 in air. Imaging was performed using a Nikon Eclipse 800 microscope with CoolSnap CCD Camera (Roper Scientific, Tucson, AZ) operated by MetaMorph Software (Universal Imaging Corp., Downington, PA). Time-lapse images of rRBC-bound spermatozoa were acquired through differential interference contrast (DIC) optics using MetaMorph's ''Acquire Timelapse'' stack acquisition tool, set to a time interval of 30 frames and 90-sec duration, resulting in 61 frames acquired per minute at a 3-msec acquisition time.
Murine Cell-Binding Assays
Murine spermatozoa were isolated from the epididymis of male C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) by using an established procedure [18] . These cells were incubated for 1 h in medium 199 supplemented with 2 mg/ml BSA and 30 mg/ml sodium pyruvate (referred to as M199-M) to ensure their capacitation. These gametes were then diluted in this medium to a final concentration of 1 3 10 6 /ml. The rRBCs were isolated from whole-blood samples by using an established procedure [8] . The RBC pellet was resuspended in sterile PBS (pH 7.4) and centrifuged again (5000 3 g, 5 min). After removal of the supernatant, this washing procedure of resuspension, centrifugation, and supernatant removal was repeated twice more. The rRBCs were then diluted to 1%-2% (v/v) in sterile PBS (137 mM NaCl, 10 mM phosphate, 2.7 mM KCl, 1 mM CaCl 2 , and 1 mM MgCl 2 , pH 7.4) and stored at 48C for no more than 2 days for use in these experiments.
The suspensions of spermatozoa (20 ll) and rRBCs were added sequentially to a glass slide and gently mixed. A cover slip was placed on top of the mixture and immediately viewed with an Olympus BX41 microscope with a DP70 camera using an UplanFl40 objective under bright field. Camera settings were a shutter speed of 1/700-1/400 with ISO 200. For each spermerythrocyte sample mixture at least 30 images of 1040 3 1360 pixels were rapidly collected and stored in TIF files for later analysis.
Analysis of AE in Boar and Bull Spermatozoa
Boar spermatozoa were probed with 10 lg/ml FITC-labeled PNA, a lectin that binds to the outer acrosomal membrane exposed after the induction of AE [19] . Based on a positive finding by PNA labeling, the AE of rRBC-bound boar spermatozoa was also confirmed by transmission electron microscopy, as described below. The acrosomal status of bull spermatozoa was analyzed using FITC-labeled lectin from Pisum sativum lectin at a final concentration of 10 lg/ ml. Acrosome-reacted but not acrosome-intact bull spermatozoa specifically bind to this lectin [20] .
Transmission Electron Microscopy Studies
Boar sperm-erythrocyte complexes were fixed in formaldehyde-glutaraldehyde fixative of Ito and Karnovsky [21] , containing 5% of 2-4-6 trinitrophenol (picric acid; Sigma), postfixed in 1% osmium tetroxide, dehydrated by an ascending ethanol series (30%-100%), perfused with the solution of acetone and Epon 812, and embedded in Epon 812 resin. Tissue sections were cut using a Sorvall MT 5000 ultramicrotome, transferred onto 100 MESH Cu grids, stained with uranyl acetate and lead citrate, and examined and photographed on a Philips 300 electron microscope. Negatives were scanned by a Umax PowerLook 3000 scanner and printed using Adobe Photoshop 6.0 software.
Digestion of rRBCs with a-Galactosidase
Washed erythrocytes were prepared as a 33% (v/v) suspension in 0.3 ml of 50 mM sodium citrate buffer (pH 5.5) containing 0.1 M NaCl. They were treated with highly purified coffee bean a-galactosidase (0.6 units) for 20 h at 378C. The cells were centrifuged (500 3 g; 5 min) and the supernatant removed. They were then washed with 3 ml of the a-galactosidase digestion buffer and pelleted by centrifugation. Intact erythrocyte controls and a-galactosidasedigested erythrocytes in the pellets were resuspended at a final concentration of 2% (v/v) in PBS (0.01 M phosphate, pH 7.4, containing 0.138 M NaCl and 2.7 mM KCl). Further digestion of these cells with b-galactosidase was attempted in a previous study [7] . However, a problem is that these a-galactosidasetreated erythrocytes lyse upon further incubation in low-pH buffers necessary for b-galactosidase digestion.
Hemagglutination Assays
The ability of rRBCs to agglutinate before and after digestion with agalactosidase was analyzed by using an established method [22] . The lowest concentration yielding visible hemagglutination with the GS-I lectin preparation was observed at 2.4-4.8 ng/ml.
Flow Cytometry Studies
Analysis of FITC-labeled GS-I lectin binding to rRBCs before and after agalactosidase digestion was performed as described previously [23] .
Isolation of Glycopeptides Associated with rRBCs
Cells obtained from 0.2 L of rabbit blood were lysed and subjected to an established protocol to obtain erythrocyte ghosts, except that the last two washes were with water rather than buffer to remove salts [24] . Glycopeptides were purified from the ghosts by scaling up an established method employed in this laboratory [25] . Briefly, this procedure requires detergent solubilization, exhaustive digestion of solubilized membranes with the protease mixture from S. griseus, organic extraction, and reverse-phase chromatography on a Sep-Pak (Waters Corp., Milford, MA) cartridge to remove all glycosphingolipids. The 624 glycopeptides were applied to a column of Sephadex G-25 (GE Healthcare, Waukesha, WI; 140 cm 3 2.5 cm) equilibrated and separated in 0.1 M pyridine acetate buffer, pH 5.4. Hexose-positive fractions eluting near the void volume of the column were detected using the phenol-sulfuric acid assay [26] . These fractions were pooled, dried by centrifugation under vacuum, and dissolved in water. Small amounts of contaminating peptides and pigments were separated from these glycopeptides by employing reverse-phase chromatography on SepPak C18 cartridges as described previously [25] , except that washes with water and 1.5% aqueous ethanol (v/v) were employed to elute unbound glycopeptides. The total hexose content of these glycopeptides was determined by using galactose as a standard for determining the concentration, as described previously [27] .
RESULTS
Previous studies confirm that murine spermatozoa bind to rRBCs [8] and to porcine oocyte ZP (Fig. 1G) . Therefore, murine spermatozoa were employed as positive controls for the studies on the boar spermatozoa. The development of an appropriate negative control was also considered to be necessary. Bull spermatozoa are postulated to bind to bovine oocytes by recognizing a specific high-mannose-type N-glycan and terminal a2-3-linked sialic acid residues presented on the ZP [28, 29] . These sequences are only marginally expressed on rRBCs [7] . Therefore, bull spermatozoa were chosen as an appropriate negative control for these binding studies.
Capacitated boar spermatozoa were mixed with rRBCs under optimal IVF conditions. There was an immediate and robust binding between these cells that was identical to the interaction of rRBCs with murine spermatozoa. As shown in Figure 1 , A and B, a single rRBC adhered specifically to the acrosomal region of a boar spermatozoan. These gametes also formed aggregates with rRBCs (Fig. 1C ) exactly as murine spermatozoa do when they encounter these somatic cells (Fig.  1D and Clark et al. [10] ). Furthermore, the boar spermatozoa maintained their flagellar movement while bound to rRBCs ( Fig. 2 ; see also Supplemental Movies 1-5; all Supplemental Data are available online at www.biolreprod.org). By contrast, when bull spermatozoa were mixed with rRBCs, they came into direct physical contact with these cells, but no adhesion was observed, even in cases when incidental contact occurred between bull sperm acrosome and rRBCs (Fig. 1E ). This interaction also did not negatively affect bull spermatozoa in any way. These gametes also did not undergo AE during their incubation with rRBCs (data not shown).
Because porcine and murine spermatozoa both bind to the presumed carbohydrate ligands on the rRBC surface, we also tested the hypothesis that mouse spermatozoa would bind to porcine ZP. This overlap was indeed the case. Mouse sperm underwent binding to porcine ZP (Fig. 1G ) and were as resistant to specific washing steps to displace weakly bound sperm as homologous, porcine spermatozoa (Fig. 1F) .
Transmission electron microscopy studies clearly indicated that rRBCs would only bind to the acrosomal region of the 
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sperm head where contact with the porcine ZP normally occurs (Fig. 3) . However, unlike mouse spermatozoa, boar spermatozoa underwent AE shortly after binding to rRBCs based on the binding of FITC-PNA to these gametes. This reaction was confirmed at the ultrastructural level by transmission electron microscopy. The vesiculation of the fused sperm membranes and the subsequent exposure of acrosomal contents provide firm evidence for the induction of AE (Fig. 3) . Thus, this interaction between boar spermatozoa and rRBCs mimics the first two major events that occur when these gametes bind to porcine oocytes during fertilization.
The binding of rRBCs to the boar sperm plasma membrane overlying the acrosome was apparently of sufficient affinity to enable motile boar spermatozoa to carry a bound erythrocyte across the viewing field of a microscope. This event was observed frequently in every trial performed and recorded on a number of occasions (Fig. 4) . Such motile spermatozoa with an acrosome engulfed by an erythrocyte were regularly observed in all replicates of boar sperm-rRBC coincubation. Frames captured from Supplemental Movies 3-5 are also shown (Fig.  5) .
Upon further incubation, which did not have a detrimental effect on sperm viability, massive shedding of acrosomal shrouds was observed in the coincubated fraction, easily detectable by FITC-tagged PNA-lectin (Fig. 6) . No PNA labeling was detectable in control rRBC fractions incubated under identical conditions but without spermatozoa (Fig. 6) . At 20-24 h of coincubation, many motile spermatozoa were still observed (Fig. 5 and Supplemental Movie 5), and only those spermatozoa that failed to undergo complete AE remained bound to rRBCs (Fig. 6) . In summary, both the positive and negative controls for binding to these somatic cells behaved as expected.
Oligosaccharides capped with Gala1-3Galb1-4GlcNAc sequences are very abundantly expressed on both glycoproteins and glycosphingolipids associated with rRBCs [7, [30] [31] [32] [33] [34] [35] . It is very well established that the murine EBP can accommodate either terminal Gala1-3Galb1-4GlcNAc or Galb1-4GlcNAc sequences [36] . The possibility was considered that the interaction between rRBCs and boar sperm acrosomes is dependent on the recognition of terminal Gala1-3Gal sequences. To test the binding specificity, rRBCs were exhaustively digested with coffee bean a-galactosidase. To determine whether the digestion was successful, these cells were subjected to a classical lectin hemagglutination assay with GS-I lectin that binds terminal Gala1-3Gal sequences. Although there were differences in the hemagglutination titer with different rRBC preparations, in all cases this titer was decreased by a factor of 32 after digestion. In a flow cytometry study, the percentage of rRBCs positive for FITC-labeled GS-I lectin binding was decreased by 99.7% after a-galactosidase treatment (data not shown). However, binding of porcine spermatozoa to rRBCs was unchanged by the loss of these terminal sequences (Fig. 7) . These results clearly indicated that this binding interaction is not dependent on terminal Gala1-3Gal sequences.
Another relevant question was whether this interaction was mediated by a lectin-like EBP associated with boar spermatozoa. A mixture of highly purified pronase N-glycopeptides (!2.5 kDa) was isolated from rRBC erythrocytes by using an 
established procedure [25, 37] . Exposure of boar spermatozoa to this fraction for up to 2 h did not adversely affect their viability, motility, or acrosomal status (data not shown). These glycopeptides were preincubated with boar spermatozoa for 30 min and then tested in the competitive porcine spermatozoaoocyte binding assay. Maximal inhibition was 91.4% at a final concentration of 0.3 mg/ml (Fig. 8) . The binding of boar spermatozoa to rRBCs was completely inhibited by glycopeptides at the same concentration.
DISCUSSION
The current investigation was initiated based on many studies that were previously carried out in the mouse model. In an early study, Florman et al. [3] reported that pronase glycopeptides (1.5-6 kDa) derived from mZP3 inhibit murine gamete binding by 70%-80%. Glycans terminated with a/blinked Gal, b-linked GlcNAc, mannose, or Lewis x sequences also inhibit murine sperm-egg binding, but usually only at higher concentrations. A universal observation in all of these studies is that the binding of murine spermatozoa to the mouse ZP was never inhibited by more than 80% by carbohydrate ligands, indicating that a combination of both carbohydrateprotein and protein-protein interactions mediate binding [4, 38] .
Studies with artificial oligosaccharide constructs confirm that the murine EBP binds to branched polylactosamine-type sequences in a divalent presentation [36] . These sequences and controls are shown in Figure 9 . A construct bearing a single terminal branched polylactosamine sequence capped with the Gala1-3Gal sequences (Fig. 9 , construct C1, dashed box) had little inhibitory effect on murine sperm-egg binding in vitro. However, an analogue of construct C1 bearing two terminal branched polylactosamine-type sequences (Fig. 9 , construct C2, dashed boxes) inhibited mouse sperm binding by 70%-75% at a final concentration of only 4 lM. An analogue of construct C1 lacking terminal a1-3-linked Gal (construct C3) also did not block binding [36] . However, the corresponding divalent analogue of construct C3 (construct C4) inhibited binding, as well as construct C2. Removal of all four b1-4-linked Gal residues from construct C4 generated a derivative with little inhibitory activity, indicating that the major murine EBP accommodates terminal branched polylactosamine sequences capped with either Gala1-3Galb1-4GlcNAc or Galb1-4GlcNAc, but only when they are presented in a dimeric presentation [36] .
Structural analysis of the N-glycans associated with rRBCs reveals the existence of a related family of biantennary and triantennary N-glycans bearing branched polylactosamine-type antenna (Fig. 9, formula F1) [7] . The number of branches within this polylactosamine antenna (solid box) varies from 0-5, but they each share a terminal branched polylactosaminetype sequence (dashed box) with construct C2. The majority of the glycosphingolipid-associated glycans (Fig. 9, formula F2 ) also consist of a single highly branched polylactosamine-type sequence, with exactly the same terminal sequence present in constructs C1 and C2 [30] [31] [32] [33] [34] [35] .
Pronase glycopeptides or oligosaccharides derived from rRBC glycoconjugates do not inhibit binding in the murine sperm-somatic cell adhesion system, nor do they block the binding of murine spermatozoa to their homologous oocytes 
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CLARK ET AL. [7] . However, these glycans express only one terminal branched polylactosamine-type sequence, exactly like the constructs C1 and C3 that are poor inhibitors of murine gamete binding. Therefore, the binding observed between murine spermatozoa and rRBCs likely results from interaction of the murine EBP with branched polylactosamine-type sequences in a dimeric or multimeric presentation on the surface of rRBCs.
The expression of branched polylactosamine-type glycosphingolipids on rRBCs could be crucial for this binding because they are highly mobile within the cell membrane and likely aggregate in lipid rafts, providing regions of high density of branched polylactosamine sequences [39] . Binding likely also requires the interaction of the EBP with glycoproteins bearing branched polylactosamine sequences that are linked to the erythrocyte cytoskeleton. This synergism between glycoproteins and glycosphingolipids bearing the branched polylactosamine sequences could explain why murine spermatozoa bind with much higher affinity to rRBCs than they do to mouse oocytes.
Structural analysis of the N-glycans associated with the mouse ZP or putative sperm receptor glycoprotein (mZP3) indicates that they do not express branched polylactosaminetype sequences [40] [41] [42] . There is considerable debate about the identity of the oligosaccharides associated with the mZP that mediate murine gamete binding. In early studies, O-glycans terminated with Gala1-3Gal sequences were implicated in this interaction. However, more recent glycosyltransferase knockout studies have implicated the N-glycans. N-acetylglucosaminyltransferase I (GnT I; MGAT1) is absolutely required for complex-type and hybrid-type N-glycan synthesis [43] . Mutant mice with a conditional oocyte-specific deletion of this enzyme were created in a previous study [6] . The mZP coating such eggs presents high mannose but not complex-type N-glycans. Oocytes obtained from these mutant mice bind 81% less spermatozoa than oocytes obtained from wild-type mice in vitro [44] . This knockout study supports the concept that complex-type N-glycans are the major physiological ligands that are responsible for the binding of mouse spermatozoa to the mZP. 
SPERM BINDING IN A SOMATIC CELL ADHESION MODEL
Structural analyses indicate that only a very minor subset of the N-and O-glycans associated with the mZP bear terminal Gala1-3Gal sequences. Therefore, oligosaccharides terminated with lacNAc sequences (Galb1-4GlcNAc) could mediate binding. The closest analogue of inhibitory construct C4 is a tetraantennary N-glycan bearing four lacNAc N-acetyllactosamine-type sequences (Fig. 10, dashed boxes) . This N-glycan also bears a b1-6-linked N-acetyllactosamine sequence that is also associated with construct C4. Triantennary N-glycans also express a b1-6-linked N-acetyllactosamine sequence (Fig. 10 ). Triantennary and tetraantennary N-glycans were proposed to be the major carbohydrate ligands that mediate murine gamete binding [4] . However, N-glycans released from mZP3 do not inhibit murine gamete binding [45] , just as branched polylactosamine-type oligosaccharides derived from rRBCs do not block this interaction [7] . These findings are consistent with the proposal that multivalent interactions involving Nglycans are required for the binding of mouse spermatozoa to murine oocytes [4] .
Unlike murine gamete interactions, the binding of boar spermatozoa to porcine oocytes is inhibited by a mixture of triantennary and tetraantennary N-glycans [13, 46] . This overlap indicated that the EBPs associated with murine and boar spermatozoa bind to the same carbohydrate ligands. If this hypothesis were true, then boar spermatozoa should also bind to rRBCs. The data presented in this study certainly support this hypothesis of a shared carbohydrate-binding specificity between the murine and porcine EBPs. However, the murine and porcine EBPs are certainly not identical. The ability of triantennary and tetraantennary N-glycans and pronase Nglycopeptides derived from rRBCs to inhibit the binding of boar spermatozoa to porcine oocytes supports this proposal. These findings indicate that the porcine EBP has higher affinity for the monovalent carbohydrate ligands on rRBCs than the murine EBP. In the mouse, inhibition studies with defined carbohydrate sequences and gene knockout studies indicate that about 20% of the binding sites are dependent on proteinprotein interactions [6] . 8 . Binding of boar spermatozoa to porcine oocytes is inhibited by the addition of pronase-generated, rRBC-derived glycopeptides to IVF medium. A-E) Sperm-pZP binding was visualized by DNA stain 4 0 ,6-diamidino-2-phenylindole (DNA; left column); AE was detected by the outer acrosomal membrane-binding lectin PNA (PNA-FITC column). Epifluorescence images were superimposed on parfocal images acquired using DIC optics (DIC and Merged columns). Images are representative of binding patterns seen at the concentrations of glycopeptides specified on the left. Original magnifications 3300 (A-C) and 3600 (D and E). F) Diagram of sperm-pZP binding during bovine IVF in the presence of various concentrations of rRBC glycans. Number of spermatozoa in absence of glycans was taken as 100% control, and the data were expressed as percent of sperm binding in treatment groups compared with control group. Differences between columns were highly significant by ANOVA (P ¼ 0.002). Data from two replicates are shown. Actual average sperm numbers per ovum ranged from 20 to 258 in control and from 0 to 30 in the 0.3 mg/ml group. Other glycopeptide concentrations were tested separately up to 0.6 mg/ml, and they showed percent binding proportional to the data and concentrations shown here. The n values signify numbers of oocytes per treatment/sperm counted in which ZPbound spermatozoa were counted under a microscope. Sperm motility was not affected by the treatments. FIG. 9. Constructs and formulas are described in the text. For F1, the sequence in the solid box is repeated up to n times, where n ¼ 0-5. The antenna in the pink shaded box is found only in triantennary Nglycans. For F2, the sequence in the solid box is repeated n times, where n ¼ 0-6.
The identity of the major boar sperm EBP that mediates carbohydrate-dependent binding has not yet been unequivocally determined by using genetic approaches. Nonetheless, an excellent candidate already exists. Carbohydrate-binding proteins in boar semen, known as spermadhesins, associate very tightly with the plasma membranes overlying the acrosome of porcine spermatozoa. These proteins are postulated to mediate specific cell-binding events in the female reproductive system that are necessary for fertilization [47] . These events include sperm binding to egg pZP and also sperm binding to epithelial cells of the oviductal sperm reservoir. Only one spermadhesin (AQN-3) displays binding to triantennary and tetraantennary N-glycans [48] . This spermadhesin also specifically binds to immobilized pZP glycoproteins and to intact pZP ghosts [49, 50] . AQN-3 remains bound to pZP ghosts even under mildly denaturing conditions, indicating a very robust association of this putative lectin-like EBP with this extracellular matrix [50] . The current study provides more support for this hypothesis.
The major difference between the murine and porcine sperm-somatic cell adhesion system is the induction of AE that is readily observed after the binding of boar spermatozoa to rRBCs (Figs. 3 and 6 ). The acrosome reaction is triggered in spermatozoa from many lower species, including sea urchins, starfish, and Xenopus, in response to a specific carbohydrate signal [51] [52] [53] [54] [55] [56] [57] [58] [59] . It is evident that free oligosaccharides isolated from pZP or pronase glycopeptides derived from rRBCs do not induce AE. However, it is possible that polyvalent interactions or a precise steric presentation of one or more carbohydrate ligands on the pZP could be required to trigger AE in boar spermatozoa.
There is a question about whether these murine and porcine somatic cell adhesion models are physiologically relevant. Certainly, the major carbohydrate ligands implicated in the binding interaction between spermatozoa and rRBCs are not physiological in either case because they are not expressed on either the mZP [40] [41] [42] or the pZP [60] [61] [62] [63] [64] [65] [66] [67] [68] . Nonetheless, the studies in porcine somatic cell adhesion models confirm that a lectin-like EBP is associated with boar spermatozoa. Lectins often bind to nonphysiological oligosaccharide sequences. In fact, almost all plant and animal lectins are isolated by affinity chromatography on matrices coupled with nonphysiological carbohydrate ligands [69] .
The purification of EBPs from murine and porcine spermatozoa could in theory be achieved by affinity chromatography on matrices coated with physiological mZP and pZP carbohydrate sequences. However, this approach would be extremely expensive and time consuming. This problem does not exist for rRBCs, where substantial amounts of oligosaccharides can readily be isolated. The glycans associated with rRBCs are also far less heterogeneous than those associated with either the mZP or the pZP [40] [41] [42] [60] [61] [62] [63] [64] [65] [66] [67] [68] . Therefore, rRBC-derived glycans could be extremely useful for isolating potential lectin-like EBPs from boar and murine spermatozoa. They could also be employed to isolate a potential lectin-like AE-inducing protein (AEIP) from boar spermatozoa.
It will be absolutely necessary to confirm the physiological relevance of any EBP or signaling molecules isolated by using this indirect approach. Gene deletion would be the most direct route for corroborating the physiological relevance of such proteins [70, 71] . Another essential study would be to identify the natural carbohydrate ligands for any putative EBP or AEIP that was isolated by using this approach. Many mammalian lectins have been tested on glycan arrays that are available in many formats [72] . Many of the same carbohydrate sequences associated with both the mZP and pZP are found on such arrays. Therefore, putative EBPs and AEIPs isolated by this method could also be employed to define the physiological carbohydrate ligands. Once such glycans are identified, then the genes for the glycosyltransferases necessary for their synthesis could be targeted for inactivation in oocytes. Such studies could finally lead to the definition of the molecular basis of binding and the induction of AE in both the murine and porcine models.
